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INTRODUCTION 18 19
The existence of sexual dimorphism is, in and of itself, evidence that the two sexes have had a 20 history of disruptive selection. Recently it has been suggested that constraints on the evolution 21 of sexual dimorphism as a result of genetic correlations between the sexes may impose a 22 substantial load on the fitness of one or both sexes Rice 1984 ). This 23 "gender load" may sometimes be detectable as a negative intersexual genetic correlation for 24 fitness, and evidence for such a pattern of covariation across the sexes has accumulated in the 25 last decade in a variety of sexual organisms in both the laboratory and the field (reviewed in 26 conflict is, and will probably always be, difficult to measure because of: (1) the composite 28 nature of fitness and the virtual certainty of an admixture of trait-specific intersexual genetic 29 correlations affecting it; (2) the fact that maintenance of sexually antagonistic genetic 30 variation requires specific, locus-dependent (i.e. autosomal or sex-linked) relationships 31 between the selection coefficients on males and females; and (3) a variety of environmental 32 and genetic factors which will tend to make intersexual correlations positive (Bonduriansky & One way to observe intralocus sexual conflict as an evolutionary force is to manipulate the 36 relative intensity of selection on the two sexes. We followed the approach of Rice (1996) to 37 eliminate female gene expression in D. melanogaster by limiting virtually the entire genome 38 (all but the dot chromosome IV; <1% of the genome) to males. Under this male-limited (ML) 39 experimental evolution scheme, the X-chromosome and both the major autosomes behave like 40 a single large Y-chromosome in that they are transferred from father to son and are never 41 expressed in females. This lets us harness the genome-wide power of many loci to augment 42 that (2) evolve to be closer to the male phenotypic optimum inferred from extant sexual 93 dimorphism in size and shape (i.e. have smaller wings which are more masculine in shape). 94
To investigate these hypotheses, we carried out a geometric morphometric analysis of wing 95 morphology. Wing morphology was chosen as an appropriate trait to measure when looking 96 for evidence of intralocus sexual conflict since it is known to be subject to sexual selection in 97 males (Taylor & Kekic 1988 ) and lends itself well to landmark-based methods ( We expressed ML and Control (C) haploid genomes ("hemiclones" consisting of the major 104 autosomes and the X chromosome) from 4 replicate lines in both sexes after 82 generations of 105 experimental ML evolution ). We assayed fitness and investigated 106 intralocus sexual conflict and developmental stability in wing morphology. For more details 107 about ML evolution and the production of flies for fitness and morphological measurements, 108 please see Supplementary Information. 109
110
Female fitness was measured as follows: females were isolated as virgins and housed in 111 groups of 10 along with five competitor females from a replica of the base stock (LH M ) 112 homozygous for the relatively benign recessive scarlet eye marker (called LH st ) and were 113 provided with 10 mg of yeast/vial. On day 12 post egg-lay, females were combined with 20 114 males from LH st for 18 h, after which they were separated from the males and the ML females 115 were allowed to oviposit for 20 h (LH st females were discarded). The progeny eclosing from 116 these vials were counted 12 days later. Female fitness was therefore measured as total 117 number of adult offspring produced after competition for a limited resource (yeast). Fifteen 118 such vials were set up per population, and final sample size was 119 vials. 119
120
To measure male fitness, males were harvested 11 days post-oviposition. Ten males from ML 121 (or C) populations were combined with 10 males from LHst population. Fifteen such vials 122 were set up per population. On day 12 post egg lay, males were combined with 15 virgin 123 clone-generator females and allowed to interact for 18 h after which the females were 124 separated from the males and allowed to oviposit for 18 h. The progeny from the two types of 125 males can be distinguished because of their eye color. Twelve days later, the fraction of 126 progeny sired by the focal males (ML or C) within each vial was scored, and this proportion 127 was used as a fitness measure. Fifteen such vials were set up per population, and final sample 128 size was 115 vials. 129
130
Male and female fitness were measured in different currency. In order to be able to include 131 the two fitness measures in a same analysis, we calculated mean values for each sex within 132 each replicate population (ML and C values pooled), and then divided the values for each 133 sample by the appropriate mean in order to get sex-specific relative fitness values. Mean 134 relative fitness values for each combination of sex, replicate population, and selection regime 135 were calculated (N=16) and then were analyzed using a factorial ANOVA in JMP, with sex 136 (M or F), selection regime (C or ML), and their interaction (sex*sel) as fixed factors. 137
138
Individuals slated for morphological analysis were frozen and stored individually in 139 eppendorf tubes at -20°C until they could be processed. Wings were mounted by hand on 140 glass microscope slides using double-sided tape. Sample size was 965 individual flies 141 (between 48 and 73 per population/sex/selection regime). After wing removal, flies were 142 dried for at least 24 hours in a 65°C drying oven before being individually weighed to the 143 nearest 0.0001 g on a Cahn C-31 microbalance. Eleven landmarks were selected for 144 geometric morphometric analysis ( Figure 1A ). These landmarks are similar to those used in 145 other studies of wing morphology (Breuker et al. 2006; Gidaszewski et al. 2009 ). However 146 some landmarks on the proximal part of the wing that have been used in previous studies were 147 not included here as it was sometimes difficult to remove the wing without damaging this 148 area. Wings were photographed and digitized twice (non-successively) to account for error 149 due to distortion by camera/microscope lenses and variation in the placement of landmarks 150 (Klingenberg & McIntyre 1998 ). Unfortunately it was not possible to entirely control for 151 error caused by the mounting process, but individuals with wings that were damaged or 152 creased in any way were excluded from the analysis. Also, because wings were mounted and 153 digitized in a random order, improvements in mounting/digitizing technique over time cannot 154 be the cause of any systematic differences between groups. Geometric morphometric analysis 155 (digitization of landmarks, procrustes superimposition, relative warp analysis, and 156 visualization of shape differences) was carried out in the tps suite of programs by F. James 157
Rohlf (tpsUtil, tpsDig, tpsRelw, tpsRegr and tpsSplin) which are freely available at 158 http://life.bio.sunysb.edu/morph/. 159 160 Centroid size was used as a measure of wing size, and wing shape was analysed using relative 161 warp scores (details below). Note that centroid size, despite being a linear measure, is very 162 highly correlated with wing area (r = 0.99, P < 0.0001) for this dataset. (Table S2A , Figure S1A ), and lower wing loading (Table S2B , Figure S1B ), and parallel 211 changes were seen as a result of ML evolution such that ML individuals of both sexes had 212 smaller wings (Table 1A , Figure 2A ), lower body mass (Table S2A , Figure S1A ), and lower 213 wing loading (Table S2B, Figure S1B ) than Controls. The difference between the sexes in the 214 allometric relationship between wing size and body mass was not significant, but the change 215 in this relationship as a result of ML-evolution was still in the direction of extant sexual 216 dimorphism (Table 1B, Figure 2B ), mostly due to an increase in slope in ML females. There 217 were no significant sex*sel interactions for any of these traits, indicating that the degree of 218 sexual dimorphism was unchanged as a result of ML evolution. 219 220 Both the sexes and the selection treatments differed in wing shape (Table 2) , and qualitatively 221 similar patterns of phenotypic masculinization appeared to have been achieved via different 222 evolutionary pathways. In males, the size of the proximal part of the wing was reduced and 223 the distal part was increased relative to females ( Figure 1B) . A similar pattern of reduction of 224 the proximal part of the wing and increase of the distal part was seen in ML individuals 225 relative to Controls ( Figure 1C ), but this general result was achieved via a different pattern of 226 displacement of wing vein intersections compared to the difference due to sexual dimorphism. 227
Again, there was no indication of any change in the degree of sexual dimorphism in shape for 228 ML individuals. This means that although the visualization in Figure 1C was calculated using 229 pooled data from both sexes, the pattern is the same even if the sexes are plotted separately 230 (consistent with the non-significant sex*selection interaction term in Table 2) . 231
232
We also found increased fitness in ML males, and decreased fitness of females carrying ML-233 evolved chromosomes, consistent with earlier results from this system ; 234 Table 1C , Figure 2C ). Interestingly, there was a significant sex*selection interaction effect in 235 FA (Table 1D) : the rank order of ML and C groups switched between the sexes ( Figure 2D ) 236 such that ML males had lower FA than C males, while the opposite was true for females. 237
This pattern paralleled the changes seen in fitness ( Figure 2C ) rather than size (Figure 2A) . 238 ML-expressing males were more symmetrical for wing size than Control males were, 239 however females showed decreased developmental stability (higher size FA) when they 240 carried ML chromosomes, despite being smaller than control females ( Figure 2A , Table 1).  241   242 DISCUSSION  243   244 We reproduce the earlier result that male-limited (ML) selection leads to increased total 245 fitness of males, and decreased fitness of females experimentally expressing ML 246 chromosomes. We also found support for our two specific predictions about the evolution of 247 size and wing morphology. First, ML males were indeed more symmetrical than C males, 248 reflecting higher developmental stability. Second, we found that ML evolution proceeded in 249 the direction of extant sexual dimorphism for all univariate traits, and that wing shape 250 evolution evolved in a manner qualitatively similar to the direction of sexual dimorphism. 251
However the change in wing shape as a result of ML evolution was achieved through a 252 different pattern of displacement of wing vein intersections relative to the difference in shape 253 between males and females. These results suggest that the average male in the ancestor or 254 control populations is displaced from the optimal phenotype, presumably by counter-selection 255 in females since evolution in wing morphology occurred once selection on females was 256 removed. Hence, although the effects of selection regime were still generally smaller than sex 257 differences, we saw morphological evidence for a gender load resulting from intralocus sexual 258 conflict. 259
260
Results on allometric relationship between wing size and body mass suggest both that a 261 number of inter-related aspects of the developmental program have changed as a result of ML 262 evolution, and that a reduction in body size is not the proximal explanation for the evolution 263 of smaller wings in ML individuals. Our results also provide further experimental evidence 264 that intersexual genetic correlations for wing size/shape and body mass traits must be high, 265
since there was no change in the degree of sexual size dimorphism as a result of ML evolution 266 for these traits (no significant sex*sel interactions, Table 1A-B, Table 2, and Table S2A-B) . 267 This is consistent with previous research on Drosophila melanogaster which has shown that 268 intersexual genetic correlations for wing and body size traits generally range from 0.6 to 1 269 ( competitor males for the access to females. Female fitness was measured as the total progeny produced after experimental females had been in competition with standard competitor females for access to food resources. To make male and female data comparable, fitness is expressed relative to the mean fitness for each sex within each replicate population. The ML evolution procedure led to an increase in male fitness and a decrease in female fitness, confirming the presence in the ancestral population of sexually antagonistic variation and a gender load. D. ML males have higher developmental stability than C males, while the pattern is reversed for females (i.e. ML females have higher FA than C females; data shown is standardized for size differences, but the pattern is similar for raw data). This suggests that experimental ML evolution has resulted in an increase in developmental stability in males at the cost of a decrease in developmental stability in females. Error bars denote SEs. genetic material from one generation to the next, via both males and females. This 518 experimental protocol completely prevented recombination in the ML populations, which 519 could slow down their rate of adaptation due to genetic hitchhiking, mutation accumulation, 520 and background selection. To prevent this, in each generation 4% of the genomes were passed 521 through a series of crosses in which the ML haplotypes were expressed in females, allowing 522 them to recombine . Because this "recombination loop" constantly 523 received new ML-selected chromosomes, females in it were carrying ML chromosomes from 524 the previous generations of selection. These recombined ML haplotypes were then 525 reintroduced into the general ML population. analysis. Males from the ML selection treatment were first crossed to the clone generator 535 females described in the main text. The F1 males produced from this cross were then mated 536 to females that were homozygous for a balancer X chromosome (FM7) and translocation (T 537 (2 : 3)rdgc st in ri pp bw). F2 females that were heterozygous for the balancer X but 538 homozygous for the translocation were then back-crossed to the F1 males. The offspring of 539 this third cross were therefore males and females carrying one ML or C haplotype and the 540 translocation of chromosomes 2 and 3 used to evolve the ML populations. 541
SUPPLEMENTARY RESULTS 543 544
Both the sexes and the experimental groups differed in dry body mass (Table S1A) . Males 545 were significantly smaller than females, and ML individuals were smaller than C individuals 546 ( Figure S2A ). This is similar to previous results for dry body mass . The 547 pattern was the same for wing loading. Females had higher wing loading than males and C 548 had higher wing loading than ML (Table S2B, Figure S1B) . 549 550 Figure S1 : Differences between the sexes and experimental groups in A. Dry body mass, and B. Wing loading. Males were smaller than females, and ML individuals were smaller than C individuals. Similarly, females had higher wing loading than males and C had higher wing loading than ML. Error bars denote SEs.
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